Purpose This paper aims to present a novel framework for reducing energy consumption in pharmaceutical manufacturing processes, with a primary focus on parenterals production. The framework supports (a) the design of optimal energysaving solutions, (b) the execution and implementation and (c) the comparison of designed and actual performance as a postimplementation control. In selecting promising options, multiobjective criteria are defined for comprehensive decision-making which considers not only energy savings, but also other aspects such as good manufacturing practice (GMP), risk, and workers' safety. Methods and Framework In the framework, five phases were defined in total, with three for design and two for execution and control, respectively. In the three design phases, options are generated, evaluated and selected step by step, with appropriate evaluation criteria covering financial as well as non-financial aspects. The roles of various stakeholders, e.g., Operations, Engineering, or Quality Assurance, are defined for each phase in order to enable smooth and certain decision-making. Case Study and Results A case study was performed in the parenterals production plant at Hoffmann-La Roche in Kaiseraugst. Twelve energy efficiency ideas were generated and, after the screening and selection process, the three most promising options from the multiobjective Pareto optimization were implemented to reduce the total plant's energy consumption by 2.5 %. Conclusions The framework enabled the systematic generation and selection of various options, which helped in the allocation of company resources in a prioritized and thus effective manner.
Introduction
Energy efficiency is becoming more and more important in the pharmaceutical industry as energy prices and supply uncertainty increase. Especially for operations in countries such as Switzerland, primary resources have to be imported which are susceptible to political crises and natural disasters. As a consequence of the Fukushima Daiichi nuclear disaster, several countries decided to phase out nuclear power. For example, in 2010, nuclear power accounted for 38 % of the electricity in Switzerland [1] and will have to be substituted by other sources in the upcoming decades. This restructuring of the energy sector is expected to lead to greater uncertainty on the energy market and consequently to higher prices. Under these conditions, energy conservation is being promoted which has, in addition to environmental benefits, other non-neglectable benefits, such as better workplace conditions, productivity, safety, shareholder value, and public relations [2] . Thus, the effects of these conditions as part of a company's sustainability strategy influence shareholders and have been recently quantified, e.g., in the Dow Jones Sustainability Index [3] .
To improve a company's energy efficiency, the various sites, buildings-including plants as well as office and laboratory buildings-have to be integrated in the company's strategy. In plants/chemical manufacturing facilities, the necessary energy savings can be achieved either by means of energy efficient design or by analyzing and retrofitting existing plants/facilities. Methods and frameworks for energy conservation are practically tradition in the chemical bulk industry. Recently developed methods for structured approaches with different stages for the design and evaluation under environmentally friendly conditions are described in chemical process design and development by Sugiyama et al. [4] and Chen et al. [5] . Hoffmann et al. investigated decision-making under uncertainty [6] and uses the concept of Pareto optimization for determining the most promising process options [7] . These methods were mainly developed for commodity chemicals and continuous processes, while batch processes are used for specialty chemicals and the pharmaceutical industry. Albrecht et al. [8] incorporates this characteristic and proposes a design framework of environmentally friendly batch processes as an extension of the work of Sugiyama et al. [4] . In their joint work, Heinzle et al. and Koller et al. describe a procedure for ecological and economic assessment during the process design stage for fine chemicals and active pharmaceutical ingredient (API) production in [9, 10] . A method for assessing integral resource consumption in a multipurpose API production plant is shown in van der Vorst et al. [11] . With the aim of waste minimization, Raymond applied life cycle assessment (LCA) to solvent used in API production, and revealed the importance of solvent recovery regarding cradle-to-grave environmental impacts [12] . Furthermore, various authors have described investigations to improve the energy efficiency of parts of buildings and various unit operations, i.e., individual energy-saving solutions. With the aim of energy optimization, modeling methods for multipurpose batch plants have been published by Bieler et al. [13, 14] and Szijjarto et al. [15] . Galitsky et al. describe for the US Environmental Protection Agency (EPA) [2] a set of individual methods to improve energy efficiency in pharmaceutical buildings, ranging from offices to production facilities. Shamkishore et al. delineate different opportunities for energy efficiency in pharmaceutical manufacturing, e.g., for light, motors, and steam traps [16] . Liu [17] assesses the energy flows of an office and a pharmaceutical production building and proposes advantageous options to reduce energy consumption, in particular for heating and HVAC (heating, ventilation and air conditioning) systems. Graf highlights various strategies for the energy efficient production of pharmaceutical water [18] . Regarding energy audit, which is becoming popular to improve energy efficiency in a company, Zhi-dong et al. [19] proposes a procedure and key factors to be considered for the pharmaceutical manufacturers. In summary, various tools and recommendations have become available for designing and retrofitting chemical and pharmaceutical production processes which consider energy consumption. However, in order to turn these theories into practice, companies still need a business model/standardized procedure, that defines how to execute these design/re-design methods with consideration on good manufacturing practice (GMP), in addition to energy reduction.
In this work, a framework for energy optimization in the pharmaceutical industry was developed with a focus on parenterals manufacturing. It supports (a) the design and evaluation of optimal energy-saving solutions, (b) the execution and implementation and (c) the comparison of designed and actual performance as a post-implementation control. In the framework, five phases are defined in total, with three for design and two for execution and control, respectively. In the three design phases, options are generated, evaluated, and selected step by step, with appropriate multiobjective evaluation criteria covering financial as well as non-financial aspects, i.e., energy savings, GMP, worker's safety and comfort. This development extends across several phases and allows for screening for the best options using a funnel-concept; increased knowledge and level of detail is taken into account by more extensive evaluation criteria and only the most appropriate options are finally implemented. The concept of Pareto optimization as a trade-off method is used to support systematic and non-subjective decision-making. Special attention is paid to GMP regulations, which serve as a strong constraint to prevent any negative impact on product quality. In each phase the business process is supported by a so-called RACI scheme which defines roles and rights of the various stakeholders involved as responsible, accountable, consulted, and informed and which is specially adapted to the needs in the pharmaceutical industry. The proposed framework is demonstrated on the parenterals production plant at Hoffmann-La Roche in Kaiseraugst, Switzerland. In this case study, 12 energy efficiency ideas were generated and then subjected to step-by-step screening in the three design phases to successfully implement the three most promising options based on multiobjective Pareto optimization. Figure 1 shows the proposed framework for the reduction of energy consumption in a pharmaceutical production plant. Five phases are defined for generating options comprehensively, selecting, and implementing promising ones with holistic consideration of various consequences and finally evaluating actual performance. For each phase, the following elements are defined: evaluation criteria of options, expected investigation time per option, tolerance of evaluation results and roles and rights of various stakeholders.
Framework
Each phase in Fig. 1 has a characteristic function with its own mechanisms, actions and evaluation criteria. In Phase I, possible options are brainstormed, characterized in a qualitative manner, and then passed on to Phase II without any eliminations. In Phase II, decisions are taken for the first time in order to eliminate inferior options based on quantitative evaluations, which are simple yet cover a wide range of aspects. In Phase III, the final selection of superior options is made based on detailed and focused assessment; these options are then implemented in Phase IV. Phase V is defined for comparing expected and actual performance as a postimplementation check. Information on measures not implemented is collected and stored during this phase so that the knowledge will be available for future implementation.
There are a number of key concepts realized in our framework. One is the stepwise selection approach in Phases II and III, where all options are first screened using simple indicators, and then superior ones are selected based on detailed evaluation. This "funnel" system helps companies focus only on promising options and thus deploy company resources in an effective manner. Another concept is the knowledge database in Phase V, which also contains deferred or eliminated ideas that can be used for other design cases or at a later time. This element of knowledge management provides the company with an opportunity for continuous improvement within or even beyond the site in the production network.
In parenterals production, saving energy is a crossfunctional topic and thus stakeholders from multiple business units are involved. In the field of business process management, there is a method termed RACI where the following four roles and rights are distinguished for the various players involved in an activity [20] :
The individual who actually processes the activity as a "doer" -Accountable (A): The individual who makes the decision and provides the required resources, e.g., manpower or budget -Consulted (C): The individual who is to be consulted before an activity proceeds to the next phase -Informed (I): The individual who is informed about the activity but not required in the process
In this framework, RACI is applied for Engineering, Quality Assurance (QA), Operations and Finance, which are the major stakeholders throughout the five phases in Fig. 1 .
Phase I: Generate and Characterize Options
The key mission of the first phase is a structured, self-driven and focused generation of options. For assistance in this challenging task, we have defined a Sankey diagram as a primary mechanism, among other conventional approaches such as Pinch technology, e.g., [21] , and a literature study, e.g., [2, [16] [17] [18] . A Sankey diagram visualizes the energy flows of a process using different thicknesses to indicate the amount of energy and different colors to represent different energy types, e.g., steam or electricity. In such a representation, one can easily identify parts of processes which are energy intensive and focus on option generation.
A hierarchical Sankey diagram is applied to parenterals processes. The following adaptations are proposed in order to support the structured generation of energy-saving measures. First, a hierarchical perspective is proposed, i.e., site, building, module, sub-module, and further down to sub-sub-module. Second, it is important to distinguish between modules which are active only during production (processes), e.g., filling or lyophilization systems, and ones which are always running (infrastructure), e.g., HVAC systems or water for injection (WFI) and purified water loops. This distinction makes it possible to visualize the proportion of variable and constant energy consumption for production and infrastructure, respectively, and can help determine the direction energy optimization is to take. The generated options are then characterized with regard to the degree of effort required and the effect gained by implementation. A simple classification of "high" or "low" is used for the "effort" and "effect" categories. For this initial and qualitative assessment, various aspects need to be considered such as monetary or energy aspects, impacts on productivity, GMP relevance or workers' safety. In this phase, no decisions or eliminations are forced as too little information is available and the evaluation is based on qualitative criteria.
Experts from Engineering generate and characterize alternatives; Operations and QA can contribute to assessing the feasibility of the ideas as well as all possible consequences. Operations and Engineering are responsible and accountable for this phase, and QA needs to be consulted before Phase II is commenced. The overall duration for generating and characterizing one option is expected to be 2-8 man-hours for all stakeholders in the process (Engineering, Operations, QA, Finance and other staff). The whole landscape of generated options can be summarized in a simple two-by-two matrix showing effort and effect. This matrix is passed on to the next phase without any eliminations.
Phase II: Evaluate and Eliminate Options
The focus of Phase II is the first-time evaluation of all options generated in Phase I and elimination of inferior ones. Simple models are developed for each option which are then evaluated using the six criteria shown in Fig. 1, i. e., investment cost, energy savings, cost savings, GMP risk, safety and workplace conditions. A decision is forced for the first time so that only superior ideas are selected, as is indicated by the "D" symbol in Fig. 1 .
The first task is to estimate the potential impacts of the options with modeling and simulation approaches. A few simplifications can be made in this phase, e.g., static instead of dynamic modeling, best case and worst case estimations, or the application of rules of thumb, e.g., Biegler et al. [21] . Data for these calculations can be obtained from various sources, e.g., the machine supplier, measurements [22] and retrofit data [12, 14, 15] , literature [18, [23] [24] [25] , and information from other plants. Access to such data is crucial for creating shortcut models in a timely manner, which are to be refined with more elaborate data in the next phase.
The second task of Phase II is to evaluate the performance of the options using the following multiobjective indicators, which are also shown in Fig. 1 In addition to these quantitative assessments, the following aspects are evaluated on a qualitative basis:
For each of these categories, an overall assessment is performed as to whether the option has a negative or positive impact during and after implementation. Such a qualitative valuation approach may vary from company to company. One approach is to use a simple scale from one to five, representing very negative, negative, neutral, positive and very positive, respectively. This scale will be demonstrated in the case study.
One technical measure can save energy in its various forms, such as electricity, steam, or cooling water; and for aggregating these different savings there are two different approaches, which are interchangeable [26] . One is to calculate the equivalent amount of reduced emissions such as CO 2 , e.g., Global Warming Potential (GWP) [27] , while the other is to trace back to the primary energy source such as crude oil, e.g., Cumulative Energy Demand (CED) [28] and Energy Weighting Factors (EWF). The latter is a Roche internal methodology but similar concepts can be found in the EPA's national energy performance ratings [29] and in Jiménez-González and Overcash [25] , in which an LCA of the energy sub-modules is performed. The choice of aggregation method depends on the strategy of the company or the site considered. In case of Roche Engineering Basel/Kaiseraugst, the EWF is becoming the standard approach with its own site-specific values, and for each form of energy there is a converting factor for the equivalent GJ of primary energy which is easier to understand for non-experts than the CO 2 equivalents.
The final task of Phase II is to select the most promising options based on six indicator results with so-called Pareto optimization, used by Hoffmann et al. [6, 7] . To make all six categories comparable, the indicator values are normalized by the maximum, i.e., best value. The normalized values are given by
where A i j is the value of the evaluation indicator i and the idea j and e A j i the normalized value. For the investment cost, the inverse value (A i j−1 ) can be used in order to have the best idea of the maximum. Using these normalized results, so-called Pareto optimal options are identified, i.e. a set of options which are not dominated by any other options in at least one category. Mathematically, this can be expressed as Option 2 being Pareto inferior to Option 1 if e A options are to be investigated further in the next phase. Inferior ones are eliminated here, but may be retained as ideas for reconsideration at a later point in time when sufficient resources become available. As the scoring system is based on the maximum value of an indicator the values in Table 1 can vary case by case and can be adapted as appropriate for the respective cases. To enable the timely screening of all possible ideas, the investigation time allocated is set at 8 to 24 manhours in total per idea, and the evaluation tolerance is ±50 %. The actual work in this phase is performed by Engineering, which also includes experts in safety issues, and Operations has the right to make decision on alternatives. QA and Finance need to be consulted in assessing particularly the GMP risk and monetary performance, respectively.
Phase III: Identify Optimum Options
The goal of Phase III is to identify optimum options for the implementation, using more detailed data, models and evaluation indicators. The elaboration of the models includes replacement of static models with dynamic ones, e.g., consideration of seasonal changes and the use of measurement data instead of heuristic values. The evaluation indicators of this phase are the net present value (NPV) as well as the combined GMP and safety risk. The NPV [21] aggregates the investment cost and cost savings criteria from Phase II with consideration of the discount rate in the future, which can be calculated by
where Inv is the investment cost, CF t the cash flow in the year t, n the number of years for the evaluation and r the discount rate. Taking into account the time value of money, the NPV is one of the most detailed economic indicators of an investment project and thus widely used in industry. Values of t, n and r are typically defined in companies as a standard, while Inv and CF in a year t are calculated based on the model. All evaluation categories considered in Phase II are reflected in the NPV: Inv also covers costs for preventing any issues associated with safety, GMP or working conditions; CF reflects benefits achieved by monetary and energy savings. An analytical method termed Failure Mode and Effect Analysis (FMEA) is applied for quantifying risks related to different kinds of aspects, especially safety and GMP. It is one of the recommended risk analysis methods from the health authorities in the ICH Q9 [30] and broadly used in the pharmaceutical industry. In an FMEA, various failure modes of a process such as "valve defect" are identified and then the risk is assessed for each failure mode, resulting in the risk priority number (RPN) which is calculated by
where Severity accounts for a consequence of the failure mode, such as potential impact on product quality; Occurrence for the frequency of the failure, such as once a year; Detectability for the ability to detect the failure, such as annual maintenance or revalidation. Usually, an integer classification such as 2, 4, 6, 8, 10 is applied for each term with ascending importance, whereas scaling differs depending on company internal guidelines. The FMEA characterizes each option with different failure modes and corresponding RPN numbers, and a maximum RPN of an option is selected to represent the worst consequence.
Using the results of these two indicators, Pareto optimal options are identified considering the NPV and RPN as objective functions for maximization and minimization, respectively. Based on this Pareto analysis, the final decision with consideration of available resources and timing is made as to which option(s) to implement. In several situations, options that are identified as Pareto inferior can also be selected for implementation or, in the opposite case, some of the Pareto optimal ideas could be deferred. Compared to the previous phase, the accepted error tolerance of the evaluation results is reduced from ±50 to ±30 %. All activities in this critical phase, i.e., modeling, evaluation and decision-making, would require 40 to 80 man-hours per option performed by various experts. The RACI structure is the same as in Phase II.
Phase IV: Implement Options
The options selected in the previous phase are finalized as a design and implemented in Phase IV. The evaluation indicators from the previous phase, i.e., the NPV and RPN, are updated with new information, and the evaluation tolerance is further reduced from ±30 to ±10 %. Financing has to be planned in advance and additional budgets dedicated, for example, to quality, workers' safety and workplace conditions, considered. The appropriate timing needs to be defined which considers production and maintenance schedules. While operational changes, such as the adjustment of parameters, can be performed parallel to production, hardware changes, such as the replacement of equipment, may well require interrupting production for some time. Major changes may be necessary during plant maintenance especially if the infrastructure (e.g., media supply or air conditioning) is to be modified since the entire production building is affected. In most cases, GMP-related activities are to be performed along with implementation, such as technical change management, qualification & validation, documentation, SOP updates and training. Performance of the implemented options needs to be monitored intensively in the initial period, and special attention should be paid to any unforeseen events or reactions. When initial troubles are too difficult to solve, it might become necessary to make a decision to change or stop implementation. Learning from failures, though, is important from the perspective of knowledge management, and thus such experience is to be passed on to the next phase: postimplementation control. Depending on the option, e.g., software versus hardware changes, this phase can take from days to months. In the RACI, R and A remain the same from Phase III, while QA is consulted for the change approval and Finance is informed of the outcome.
Phase V: Perform Post-Implementation Control
The main aim of this phase is to maintain the continuity of the improvement activity by comparing expected and realized performances and identifying further improvement opportunities. To obtain the big picture of the "before and after" situation, refreshing the Sankey diagram initially created in Phase I is a useful approach. Furthermore, some of the evaluation indicators in Phases II and III, such as energy savings or the RPN, are updated for a detailed view. If there is a gap between the expectation and the result, a root cause analysis should be performed to remove the source of the problem rather than attempt additional temporary solutions. Deferred or eliminated options in Phases II and III can be reconsidered in case greater energy savings are needed in order to reach a certain target value. Such deferred or eliminated options may be suitable for implementation in other plants and sites. Furthermore, the framework itself can be revised and improved by, for example, adding new or modifying indicators, adjusting the working hours and RACI case-or companyspecific. This kind of information exchange and knowledge management within the company is an essential part of continuous improvement not only for energy savings but also for other themes in general, in particular in the Pharmaceutical Quality System [31]. This phase takes 2-24 h, depending on the option as simple feedback is less time intensive than a measurement campaign. This activity is performed by Operations and Engineering, who are also accountable for the outcome, and QA as well as Finance are consulted to draw conclusions.
Roche Parenterals Production Kaiseraugst
Located on Hoffmann-La Roche Ltd.'s site in Kaiseraugst, Switzerland, PKau (Parenterals Production Kaiseraugst) is one of the newest facilities for manufacturing sterile drug products in Europe. The building, shown in Fig. 2a , has a gross floor area of 12,900 m 2 and consists of four production modules: compounding, liquid vials (shown in Fig. 2b ), lyophilized vials, and prefilled syringes. Design activities started in 2006, followed by the construction of the building and machine installation, which were completed in 2009. The total investment amounted to approximately CHF 200 million.
Since then, various start-up activities have been performed, such as qualification/validation, creating SOPs, training and hosting health authority inspections. Commercial production started in 2012, and during the ramp-up to 2014, PKau will play a major role in Roche's global drug product manufacturing network.
PKau features a few technical highlights. For example, isolator and Restricted Access Barrier System (RABS) technologies are applied in aseptic filling processes for the prevention of product contamination by minimizing particle concentration and excluding microorganisms. A grade D environment is maintained for the isolators/RABS, laboratories, offices and storage rooms, which is where most of the supporting activities take place. For the most part, the energy and media systems are designed redundantly so that production can proceed even if the energy and media systems are interrupted. Each module has its own independent HVAC system, which means that modules can be shut down individually for maintenance while others remain in operation. At the moment all the products are biologics, i.e., the active pharmaceutical ingredients are based on biologically produced proteins, which require strict control of the production environment.
Parallel to the implementation of these technologies to maximize GMP compliance and meet diverse customer requirements, e.g., Japan Quality [32, 33] , deliberations were also made with regard to energy savings. External experts were also involved, and various ideas were generated and implemented, such as high-efficiency light bulbs, heat recovery systems using condensed steam, and top-performance ventilation engines. During the start-up, however, several opportunities were discovered for further minimization of energy consumption. PKau management has a vast interest in continuous improvement [34] and has therefore decided to improve energy efficiency within the building along with the method described in the "Framework" section.
Case Study

Phase I
To guide the option generation process, the hierarchical Sankey diagram shown in Fig. 3 was created according to the description in "Phase I: Generate and Characterize Options". The preliminary version of Fig. 3 was presented elsewhere [35] . It visualizes the five energy sources provided from the Kaiseraugst site to the PKau building (Fig. 2a) It is possible to identify various proportions of energy consumption from Fig. 3 : electricity, steam, and cooling water account for most of PKau's energy consumption; liquid nitrogen and H 2 O-ethylene glycol, on the other hand, make up only a fraction of this. This fact led to energy efficiency options which focus on electricity, steam, and cooling water. At "module level", it is evident that most of the energy is consumed in infrastructure and only a fraction in processes. A sensitivity analysis has proven that this will also be the case in the future following the start-up phase. This situation led to the decision to focus on generating energy efficiency options within the scope of the infrastructure rather than within the scope of the production process. At the sub-module level of the infrastructure only the largest consumers are shown, i.e., highly purified steam, WFI, and HVAC systems. The latter is the most energy-intensive sub-module because in parenterals production high air change rates (20 h −1 for a grade D environment in the rooms around Production; 10 h −1 in other grade D rooms) with an exactly specified room temperature and humidity are required to minimize particles and microbial concentration. This has also been described for other pharmaceutical manufacturing buildings [2, 17] . The WFI and highly purified steam systems are 100 % redundant and thus have a higher base consumption. According to the RACI scheme in this phase, an expert group from Engineering, Operations, and QA generated and characterized the 12 feasible options in Phase I. These options are shown in Fig. 4 and described below with their Phase I evaluations.
& Option 1 is the installation of the enthalpy control system shown in Fig. 5 . It is an energy monitoring and control system for the HVAC system to minimize energy costs, i.e., measuring the enthalpy of the outside and the exhaust air to find the optimum mixture of recirculated air system, heat recovery system, heating, cooling and humidification. The effort required to install such a system would result in the highest cost savings of all measures. More detailed information for this option can be found in the Appendix. & In Option 2, the WFI subloop was changed from permanent cooling to on-demand cooling by training the operators to stop the system more effectively. In the WFI subloop 80°C WFI is cooled to 20°C for compounding and heated back up to 80°C for re-introduction into the WFI main loop. Reducing the operating times of this system saves steam and cooling water. The effort, characterized as low, involves training the operators to use the stop button more efficiently. The system is redundant so training is only required once. Fig. 4 Characterizing generated options in Phase I with "↑", "↓", CW and elec. representing increase in consumption, reduction in consumption, cooling water and electricity, respectively reduce the loss of heating energy of the columns and cooling energy for maintaining the room temperature of the room where the columns are located. Additional effects include improved safety as a result of fewer hot surfaces and improved workplace conditions as a result of the lower room temperature. & In Option 4, energy from the nitrogen evaporator for the gaseous nitrogen supply is used. In the current state the cold energy is blown into the environment and not collected. Option 5 uses the cold energy after the phase change that is not consumed by the lyophilizer. In both options, the cooling energy would be collected in heat exchangers and returned to the H 2 O-ethylene glycol loop, reducing the cooling requirements of the building. & In Options 6-8, the air change rate is reduced in different scenarios to save electricity, purified steam and cooling water. Option 6 reduces the air change rate in the whole building overnight by introducing a system with two operation modes, i.e., a normal mode and a standby mode for night-time use. The air change rate would be permanently reduced with Option 7 in the production area and with Option 8 only in the storage rooms. All three options were calculated for a reduction of the air change rate of 10 %, resulting in an attractive reduction (approx. 30 %).
As it can be seen in the Sankey diagram in Fig. 3 , a huge part of PKau's electricity is consumed by the HVAC system, which gives this option a high potential for savings. Consequently, it is listed as a high-level effect in Fig. 4 . The changed cooling and humidification performance was not considered in Phases I+II as this would require exact simulations, which were not carried out until Phase III. & In Option 9, a new heat exchanger is installed between the valve and the heater in the WFI subloop, saving steam, and cooling water. The idea of this measure is transferred to Option 12 where purified water is heated from 20°C to 80°C. & Option 10 reduces the HVAC pressure by 1 % from 600 to 594 Pa overpressure to save electricity since the pressure is set higher than the simulated values to prevent problems with pressure drops. & Option 11 reduces laminar flows in the isolators for aseptic filling by 10 % from 0.450 to 0.405 m/s overnight when no production takes place, including the assumptions for Options 6-8. Figure 4 shows the summary and the classification of the options in Phase I in a matrix showing the effort required and effect of the implementation. No option was classified in the category of low effort with high effect, which would have been the most preferable case, suggesting that the most promising options have already been implemented and that Engineering worked well during the design stage. Eight options were evaluated as high effect with high effort, e.g., Option 1's level of investment is high and GMP problems are expected. The effect: a high level of financial and energy benefit because the HVAC system is the largest energy consumer in the building (see Fig. 3 ). The ideas on adjusting the air change rate, i.e., Options 6 to 8, would require clarification on GMP risk, which was ranked as high effort, while the effect could be high energy and cost savings. Similarly, Options 10 and 11 are GMP relevant as the ventilation systems are changed. Options 4 and 5 are technically feasible and provide high financial and energy savings. However, the energy could only be recovered inconstantly since the energy can only be used when the system is running (not periodic, on/off operation). Only Option 5 was classified in the low effort and low effect category as it could be implemented without high GMP risk and investment, but resulted in low savings. Although no decision or selection is forced in Phase I, a qualitative classification of the priorities was made based on Fig. 4 . The preferred optimum is the low effort/high effect category, followed by both the low effort/low effect and high effort/high effect options, whereas the option in high effort and low effect is third priority. Thus, there is no option ranked as first priority, the second priority ones were tackled first in Phase II and then the third priority one. In our case study, no measure was eliminated in this phase because no measure was considered to be completely infeasible.
Phase II
After each option was designed as described in "Phase II: Evaluate and Eliminate Options", each one was evaluated for the first time according to the multiobjective indicators of Phase II in Fig. 1 , and then normalized using Eq. 1. For the qualitative evaluation the scoring system for the GMP, workers' safety, and workplace conditions in Table 1 is used. For the selection of the best and elimination of inferior options, two different but equivalent visualization aids were used: a spider diagram (Fig. 6 ) and "heat map" (Table 2 ). In
The spider diagram in Fig. 6 is proposed for the selection of the best options in Phase III and was preferably used in this case study. The evaluation indicators are shown from 0 to 100 % on the axis.
The heat map in Table 2 is a further tool for the identification of the Pareto optima using the color scheme of Table 1 to highlight the differences between the normalized values with regard to the various options and criteria. For this project, the absolute values were assigned a color scheme and then this color scheme was also used for the relative values. The color scheme in Table 1 can be individually adapted to suit the company's requirements.
The best and worst option in each category can be identified from Fig. 6 and Table 2 . This information was crucial for the following Pareto optimization: & In the 1/Investment criterion, Option 2 is the best because of the short training time for the operators while Option 6, which requires drastic changes in the ventilation system, is rated as the worst. & The highest energy savings are achieved by Option 6 since the ventilation system is the largest consumer in the building. On the other hand, Options 5 and 12 have the lowest savings since there is only little potential from the nitrogen exhaust air and the purified water subloop is rarely used. & The highest cost savings result from Option 1, the enthalpy control system, which saves immense amounts of cooling, and the lowest from Option 12 as the purified water subloop is rarely used. & In the GMP criterion, seven ideas are considered to be "high risk" or GMP=1, which is 33 % in Fig. 6 and Table 2 because the maximum score was 3, i.e., none of the options improved GMP conditions. Options 6-8 to reduce the air change rate either violate GMP regulations or their effects on particle and microbiological concentrations in clean rooms cannot be estimated, which is also valid for Option 11 and the isolators, respectively. For Options 9 and 12 it remains unknown if the GEP (good engineering practice) of having turbulent flow in the whole system will still be valid after implementation and for Option 10 it cannot be guaranteed that the pressure differences between the zones can be maintained. & Safety is increased by Option 3 because hot pipes, tank covers and other hot surfaces are insulated, significantly lowering the probability of burns. & The workplace conditions in Options 6-8 are positively affected as the reduction of the air change rate also reduces the noise and the draftiness of the ventilation system.
For a systematic and automated selection process of the most promising and the elimination of non-suitable options, the following elimination algorithm was used in this case study: For execution of this algorithm in this case study, only the 12 fully evaluated measures were considered in the spider diagram in Fig. 6 and the heat map in Table 2 as well as for Pareto optimization. Of the 12 fully evaluated options in Fig. 6a , the 7 options with GMP=1 (red circle) were eliminated because in the pharmaceutical industry, no "high risks" for GMP conditions are desired. Of the remaining Options 1-5 in Fig. 6b , Option 5 can be identified as Pareto inferior as this option is equal to or worse than Options 3 and 4. Figure 6c shows Pareto optima 1-4. These optima are all equal, accepted, and passed on to Phase III for a more delineated design and evaluation. The same elimination process can be performed using the heat map shown in Table 2 , where the measures have first been sorted by Pareto optima, Pareto inferior and GMP=1 options for better readability. The latter options can be identified as they are highlighted in red and are therefore eliminated. Looking at Options 3-5, one can see that Option 5 is always equal to or worse than Options 3 and 4, making it Pareto inferior and thus deferred. Option 5 was already evaluated as Pareto inferior in Phase I, and this rough classification is later verified.
Phase III
The four remaining options from Phase II were delineated more extensively and then evaluated according to the evaluation criteria in Phase III: the NPVand risk regarding safety and GMP.
In Fig. 7 , the results of the above evaluation of all 4 options are shown with the NPV on the abscissa and the Maximum RPN from the FMEA on the ordinate. The NPV is calculated using Eq. 2, with the number of years n and the discount rate r taken from a company internal guideline. It can be seen in Fig. 7 that no option has a negative NPV. Option 1 has the highest one as it saves large amounts of energy at a comparably low investment cost, whereas Option 3 has the lowest NPV because of its lower benefit. The GMP and safety risk are combined and evaluated by means of an FMEA according to "Phase III: Identify Optimum Options" and a company internal guideline for scaling Severity, Occurrence, and Detectability. For example, the maximum risk of Option 1 is represented by a failure mode where the temperature of the clean room is influenced by outside temperature fluctuations. According to the Roche guideline, a Severity of 2 was achieved because the temperature in the HVAC system does not have an influence on product quality since the isolator's after-cooling protects the product. As temperature fluctuations occur constantly, no prevention measures were chosen, resulting in an Occurrence of 10. Because the clean room monitoring system as well as the temperature control system detect any problems with regard to temperature, Detectability was set to 2. The RPNs were then calculated using Eq. 3, resulting in an RPN of 40 for the above-mentioned failure mode in Option 1. The maximum value of all RPNs is termed "Maximum RPN" and it is the one with the greatest adverse effect on product quality or workers' safety. In the case of Option 1, the Maximum RPN was the above-mentioned example with the temperature fluctuations. For the other three options, the same procedure was applied, resulting in the highest value for Option 4 because of the difficult implementation and lack of experience. Because of this uncertainty combined with high risk, this option was rejected by QA and not passed on for implementation. It is stored as an idea for future implementation.
A maximum NPV and minimum GMP and safety risk is desired, thus Options 1 and 2 are Pareto optima because they superimpose Option 3 and the eliminated Option 4 in both criteria. As sufficient engineering capacity and budget was available, all options were passed on with Options 1 and 2 as priority 1 and Option 3 as priority 2.
Phase IV
In Phase IVafter finalizing the design, the budget and timeline were set up and the three options passed on from Phase III were implemented.
The implementation itself and its results as well as postimplementation control for the four options in Phase III are different for each measure: the enthalpy control system (Option 1) was implemented in one of the HVAC systems because the timeline was suitable, and it is running according to all regulations. The stepwise introduction in the other systems will be performed after enough experience has been gained from this first system and after its effectiveness and feasibility have been confirmed. Operators have been trained for Option 2, but it has not been realized to full our satisfaction as the button could be used even more efficiently. Option 3 has been implemented with complete success as safety has increased drastically because most of the hot surfaces are covered and the temperature in the room decreased significantly, improving workplace conditions for the operators' benefit. Phase V Phase V analyzed the results of the implementation, the extent to which they meet expectations and the replication potential. Within the scope of knowledge management, options which are not passed on/eliminated are stored together with the experiences made in connection with implementation. All of these options are revisited and reinvestigated, and may be implemented. Figure 8 shows the business results of this case study as unweighted energy consumption using a "before and after" comparison. After the implementation of the proposed Options 1-3, PKau energy consumption is reduced by 2.4 % using the EWF and 12.9 % in unweighted numbers. The preliminary results reported elsewhere [35] have been updated. Most of the reduction is with regard to cooling water, which is energy non-intensive to produce as a free-cooling unit can be used (EWF<1 GJ/GJ), whereas more steam, which is energy intensive, is needed for the humidification (EWF>1 GJ/GJ).
In Phase V, the replication potential of each alternative was evaluated. Option 1, the enthalpy control system, already uses experience from other buildings and the lessons learnt from this implementation will be transferred to other projects. Option 2 is PKau-specific and cannot be replicated in other buildings; however, it is possible to apply the concept if the purified water subloop is used more often. The positive experience and results of Option 3 can be easily transferred to other buildings and sites. For Option 4, the replication potential is limited since it has not been implemented for PKau, but possibilities for other buildings and sites will be investigated. The working processes and outcomes of the project were reported to the upper management of Engineering in order to ensure the possibility of implementation. 
Conclusions and Outlook
In this article, we have presented a novel framework for energy optimization in a pharmaceutical plant. Its overall purpose is to (a) support a design set of optimal energysaving solutions, (b) execute the implementation and (c) compare the plan and the result as post-implementation feedback. The possible energy efficiency measures are first generated and then the best ones are selected for implementation in a stepwise screening process. Multiobjective evaluation criteria covering financial and non-financial aspects are defined to account for the comprehensive benefits of energy conservation. To support a systematic and non-subjective decisionmaking process, Pareto optimization is used as a way of allowing a trade-off between the various multiobjective evaluation criteria. The framework is based on specific elements for the pharmaceutical sector, e.g., GMP, risk analysis and the stakeholders in pharmaceutical production. During the whole process a RACI scheme defines the rights and responsibilities of the various stakeholders. The importance of GMP in the pharmaceutical industry is reflected by the use of risk analysis tools, e.g., the industry standard FMEA, to discover and prevent any negative impact on product quality.
This framework was executed in an industrial case study on the parenterals production factory of Hoffmann-La Roche Ltd. in Kaiseraugst, Switzerland, proofing the concepts for screening measures, the stepwise selection and the exact definition of roles and responsibilities. Starting with 12 generated energy efficiency options, the 3 best ones were chosen using a stepwise selection process and implemented. These three options show the best multiobjective performance and do not have any negative impact on GMP regulations or quality. This screening concept made it possible to rapidly evaluate many measures and only select the best ones. In cases of limited engineering capacity or budget, this may be important because resources such as capacity or budget can be used very efficiently by focusing on the measures individually. To support this generation and selection process, various visualization methods were presented. The non-selected ideas are stored in a knowledge database so that the idea for the measures and the invested time are not lost. According to the concept of continuous improvement, these ideas can be reconsidered at any time for future implementation. The business results showed that a reduction of energy consumption of 2.4 % using the EWF concept is even possible in a brand new factory. During the execution of the framework, the defined roles and rights for all stakeholders from the RACI scheme facilitated effective communication among the teams of QA, Operations, Engineering, and Finance.
The framework is kept generic so that it can be applied to other plants, sites and companies independent of the technology used to manufacture drug substance or drug product. This means that only minor modifications are required for adaptation to different situations, e.g., RACI in particular. It may also be possible to use the framework for media optimization and in other GMP-relevant industries, e.g., the medical technology or food industries as they have similar requirements. In the future, these applications will have to be tested in further industrial case studies. dehumidification is lost. For this option a trade-off between cooling water and purified steam has to be made because a lot of cooling can be saved whereas more purified steam for humidification is consumed.
